We report on Ytterbium and Neodymium codoped LaF 3 core/shell nanoparticles capable of simultaneous heating and thermal sensing under single beam infrared laser excitation. Efficient light-to-heat conversion is produced at the Neodymium highly doped shell due to non-radiative deexcitations. Thermal sensing is provided by the temperature dependent Nd 3þ ! Yb 3þ energy transfer processes taking place at the core/shell interface. The potential application of these core/shell multifunctional nanoparticles for controlled photothermal subcutaneous treatments is also demonstrated. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954170] Photothermal therapy (PTT) is a therapeutic strategy in which photon energy is converted into heat to cause irreversible damage at the cellular level and that could efficiently treat a great variety of diseases including cancer tumors.
We report on Ytterbium and Neodymium codoped LaF 3 core/shell nanoparticles capable of simultaneous heating and thermal sensing under single beam infrared laser excitation. Efficient light-to-heat conversion is produced at the Neodymium highly doped shell due to non-radiative deexcitations. Thermal sensing is provided by the temperature dependent Nd 3þ ! Yb 3þ energy transfer processes taking place at the core/shell interface. The potential application of these core/shell multifunctional nanoparticles for controlled photothermal subcutaneous treatments is also demonstrated. Published by AIP Publishing. Photothermal therapy (PTT) is a therapeutic strategy in which photon energy is converted into heat to cause irreversible damage at the cellular level and that could efficiently treat a great variety of diseases including cancer tumors. [1] [2] [3] In particular, nanoparticle (NP) based PTTs are attracting great attention nowadays. They are based on the use of nanoheaters (NHs), which are NPs with large light-to-heat conversion efficiencies. [4] [5] [6] The selective incorporation of NHs into cancer cells or tumors provides the means by which a subsequent optical excitation produces a temperature increment that will only affect the tissues aimed to be treated. The net effects caused on cancer tumors during PTTs strongly depend on both the magnitude of the heating as well as the treatment duration. [7] [8] [9] [10] In this regard, in order to achieve an efficient treatment and keep the collateral damage at minimum it is extremely necessary to have a temperature reading during NP based PTTs. As a consequence, there has been an increasing interest in the design of multifunctional luminescent NPs capable of simultaneous heating and thermal sensing under single power excitation as they would constitute significant building blocks toward the achievement of real controlled PTTs as well as subcutaneous studies. 11 Despite the continuously growing list of systems that could operate as simultaneous NHs and nanothermometers (NThs), including polymeric NPs, quantum dots, nanodiamonds, metallic NPs, and rare earth-doped NPs, only a few of them show real potential of working subcutaneously. [12] [13] [14] This is so because most of them operate in the visible spectrum domain, where optical penetration into tissues is minimal. To avoid this limitation, it is necessary to shift their operation spectral range from the visible to the spectral infrared ranges where tissues become partially transparent (due to simultaneous attenuation in both tissue absorption and scattering), lying in the so-called biological windows (BWs). 15, 16 Traditionally, three biological windows are defined: the first extending from 650 up to 950 nm, the second covering the infrared region about 1000-1350 nm and the third extending from 1500 up to 1750 nm. 17 In particular, the applicability in the second biological window (II-BW) opens up the possibility of not only deep tissue imaging but also of high contrast, autofluorescence free in vivo fluorescence thermal sensing, as it has already been demonstrated in imaging applications. [18] [19] [20] [21] [22] [23] [24] [25] As an additional requirement, the multifunctional NPs to be used should operate under infrared radiation single beam excitation at wavelength avoiding any non-selective cellular damage. Recent studies dealing with the heating effects and the light-induced cytotoxicity during in vitro imaging experiments have pointed out 808 nm as an optimal excitation wavelength, since it simultaneously minimizes both the laser-induced thermal loading of the tissue and the intracellular photochemical damage. 23, [26] [27] [28] The existence of high power, cost-effective laser diodes operating at 808 nm also makes this specific wavelength interesting from a technical point of view.
In this sense, the design and synthesis of a single NP capable of simultaneous heating and thermal sensing, and operating in the II-BW, appears to be especially captivating and, also, quite challenging. A potential way to join different structures or sub-structures in a single one is the use of the so called core/shell engineering. 29, 30 Over the last years, the core/shell engineering has been used to achieve larger brightness, since the presence of the shell minimizes non-radiative interactions between core and surroundings. However, if both the core and shell units are optically active, the core/ shell engineering can also be used to synthesize multifunctional nanostructures with pre-tailored properties, such as efficient two photon emission under non-heating laser excitation. 31 In this work, we have designed and synthesized core/ shell NPs that operate in the II-BW and that are capable of subcutaneous heating and thermal sensing under single beam 808 nm excitation. This work is based on two recent demonstrations: (i) the heating capacity of heavily Neodymium a)
Author to whom correspondence should be addressed. Electronic mail: daniel.jaque@uam.es doped LaF 3 NPs and (ii) the infrared luminescence thermal sensing of Neodymium and Ytterbium co-doped core-shell LaF 3 NPs. 11, 32 The multifunctional agent here developed aim to join both functionalities in a single nanostructure. The NPs presented herein are based on a core/shell structure with an Yb 3þ doped core (concentration of 10 mol. %) and a highly Nd 3þ doped shell (concentration of 25 mol. %). Both ions were spatially separated due to selective doping during the synthesis procedure. A schematic representation of the NPs used all along this work (hereafter Yb@Nd LaF 3 NPs) is depicted in Figure 1(a) . A detailed description of the synthesis procedure can be found elsewhere. 11 By analyzing transmission electron microscopy (TEM) experiments carried out in both single-core and core/shell LaF 3 NPs (not shown for the sake of brevity) we have estimated a core diameter of 15 nm and a shell thickness of 4.5 nm. TEM images also reveal similar size distributions and shapes to those reported by our group in previous works also dealing with LaF 3 NPs fabricated by the same procedure. 11 Nevertheless, this does not affect the working principle demonstrated here. Additionally, the core/shell nature of the LaF 3 NPs synthesized by the adopted procedure has been previously demonstrated by both energy-dispersive X-ray (EDX) and electron paramagnetic resonance (EPR) techniques. 11, 33 Under the proposed scheme (see Figure 1 Figure 1(b) ). In particular, for high concentration of Nd 3þ ions in the shell (as it is our case), the non-radiative de-excitations become dominant over radiative ones and, consequently, the shell becomes a heating unit surrounding the core (indicated by the red contour in Figure 1(a) ). Additionally, phonon-assisted cross relaxation and energy migration to killer impurities might play an important role in the heating process. A meticulous explanation can be found elsewhere. 3 Simultaneously, energy transfer processes at the core/shell interface lead to a relaxation of Nd 3þ ions down to their ground state and to a simultaneous excitation of Yb 3þ ions from the ground state to the 2 F 5/2 excited state, from which infrared emission is produced (see dashed curved arrow in Figure 1(b) ). As a consequence of this Nd 3þ ! Yb 3þ energy transfer, the core/ shell NP shows an emission spectrum constituted by both the Nd 3þ emission bands (centered at 900, 1060, and 1350 nm) and the Yb 3þ one (centered at 1000 nm). Figure 1 (c) shows the fluorescence images-at 1000, 1060, and 1350 nm-of a cuvette with water solution containing the Yb@Nd LaF 3 NPs and reveals the simultaneous generation of both Nd 3þ and Yb 3þ emission bands. The homogeneous signal obtained from the whole cuvette displays the homogeneity of the colloidal solution. Figure 1(c) demonstrates that the luminescence generated by the Yb@Nd LaF 3 NPs can easily be detected in an infrared imaging set-up, revealing therefore, their potential for in vivo application.
The relative contribution of Nd 3þ and Yb 3þ emissions to the overall emission of the core/shell NPs depends on the Nd 3þ ! Yb 3þ energy transfer efficiency as well as on the back transfer, which are both expected to be temperature dependent. 34, 35 Therefore, this provides thermal sensitivity to our NPs. In order to evaluate such thermal sensing capability, the temperature dependence of the emission spectra generated by our core/shell NPs, under 808 nm excitation, was investigated in the 15-50 C range (see Figure 2(a) ). The fluorescence at each temperature was collected by using an optical system coupled to a high resolution spectrometer. All those measurements were performed under low excitation power density (0.2 W cm À2 ) in order to keep self-heating effects at minimum. As it can be seen, the contribution of Yb 3þ ions to the overall emission spectra decreases with increasing temperature-a result that well agrees with recent studies. 11 This opens up the possibility of using the ratio between the emitted intensity of Nd 3þ ions at 1350 nm ( expected to provide heating capabilities to the nanostructure. 33, 36 In order to corroborate this possibility and to demonstrate the dominant role played by Nd 3þ concentration in the light-to-heat efficiency of our NPs, a simple control experiment was conceived. Different core/shell NPs presenting the same Yb 3þ concentration into the core (10 mol. %) and different Nd 3þ concentrations into the shell (0, 25, and 40 mol. %) were exposed to an 808 nm laser radiation (with a power density of 3.4 W cm
À2
). The subsequent temperature variations were observed by infrared thermometry using a FLIR E40 thermal camera. In order to have a control reference, a measurement using only the holder was also done. The thermal images corresponding to the steady state temperatures of the NPs are presented in Figure 2 (c). As it can be seen, the temperature of the NPs increases with the Nd 3þ concentration into the shell which can be well explained due to the fact that the larger the Nd 3þ concentration in the system is, the greater is the non-radiative delivered energy (the lower is the fluorescence quantum efficiency). 40, 41 Thus, experimental data reveal the Nd 3þ ion content to be the main responsible source for the heating in accordance with previous studies centered on Nd 3þ single doped LaF 3 NPs. 3 The extent of agreement between the values provided by the thermal camera and the ratiometric nanothermometer while exposing the Yb@Nd LaF 3 NPs in powder (with concentrations of 10 mol. % for Yb 3þ ions into the core and 25 mol. % for Nd 3þ ions into the shell) to an 808 nm laser radiation was also estimated and the results are included in Figure 2(d) . As it can be seen, differences between those measurements start to appear only for high values of laser power density (between 5.1 and 6.8 W/cm 2 it is possible to see differences ranging from 2.5 to 7 C). Hereafter, the laser power densities used along the work were kept below 5 W/cm 2 . Once the dual capability (heating þ thermometry) of our Yb@Nd LaF 3 core/shell NPs was experimentally evidenced (see data included in Figure 2) , their potential application in controlled photothermal processes was evaluated. Two simple experiments, aiming to constitute clear proofs of concepts, were designed (see Figure 3(a) ). In both experiments, we injected 0.2 ml of an aqueous solution of Yb@Nd LaF 3 NPs (10% in mass) into a chicken breast sample (injection depth estimated to be close to 2.0 mm). An 808 nm laser beam was focused into the injection by using a single longworking distance microscope objective (40Â, N.A. 0.25). The Yb@Nd LaF 3 NPs would partially convert the 808 nm laser radiation into heat, producing a well localized temperature increase inside the tissue. The amount of this heating at the injection volume was estimated with the intensity ratio, D (as defined above), from the infrared spectra generated at the injection volume. For this purpose, the luminescence generated by Yb@Nd LaF 3 NPs was collected by the same objective used for 808 nm laser focusing, and after passing several filters and confocal apertures, was spectrally analyzed by using a high resolution spectrometer. For the first experiment, an infrared thermal camera was coupled to the optical set-up in order to record the temperature of the tissue's surface and to demonstrate the differences between subtissue and surface temperatures (the latter being expected to be lower due to heat diffusion processes). 3, 32, 33 The steady state subtissue and surface temperatures were recorded for different 808 nm power densities and in both cases, a linear relationship was experimentally found (see Figure 3(b) ). As expected, there are remarkable differences between subtissue and surface temperature, as demonstrated in previous studies dealing with ex vivo and in vivo PTTs based on heating nanoparticles. 3, 32, 33 Since the infrared thermal camera fails to provide a value for the subcutaneous temperature, the use of NThs is extremely necessary for the achievement of an accurate and remote control over PTTs.
Additionally, the same experimental set-up was used to demonstrate the capability of our core/shell NPs for real time subcutaneous measurements. For this experiment, the laser power density was fixed and the luminescence spectra generated by the core/shell NPs were taken in intervals of 400 ms for a time period of approximately 3 min (when thermal stabilization was achieved), starting when the laser was turned on. Figure 3(c) shows the time dependence of the subcutaneous temperature variation under two different excitation laser power densities, obtained computing the time evolution of the intensity ratio D from the subcutaneous emission spectra. It should be noticed that the dynamic thermal reading demonstrated in Figure 3 (c) was obtained using the same NPs that were inducing the subcutaneous heating. In our experimental conditions the laser spot size is orders of magnitude smaller than the heat dissipation length inside the tissue. Therefore, it is reasonable to consider the whole NP injection as a heating point source. According to literature, the temperature rise at a distance r from a small source of volume generating heat at a rate Q located in a homogeneous medium without perfusion is given by DTðr; tÞ ¼ ðQ=4parÞerfcðr= ffiffiffiffiffiffi ffi 4at p Þ, where a is the thermal diffusivity of the medium. 42, 43 Hence, the average temperature over a sphere of radius R around the heating point source is found to be
where DT 1 is the steady temperature increment and s is the relaxation time given by R 2 =4a. Fitting the experimental data, obtained with low (1.2 W cm
) and high laser power densities (3.5 W cm À2 ), to Equation (1) provides the values of 6.6 6 0.6 and 6.0 6 0.3 s for s, respectively. Considering a ¼ 0.15 mm 2 s À1 as the thermal diffusivity of the tissue, we obtain R ¼ 2.0 6 0.1 for 1.2 W cm À2 and R ¼ 1.9 6 0.1 mm for 3.5 W cm À2 . 44 These values are, indeed, close to the estimated depth of injection, i.e., the distance between the heating source (NP injection) and the heat sink (tissue-air interface). Thus, R defines the region where the set of NPs are simultaneously sensing temperature and meaningfully heating the medium. Data included in Figure 3 demonstrate that our core/shell NPs are capable of providing a steady state and time resolved thermal reading over a subcutaneous heating process activated by themselves, constituting, therefore, a proof for the potential of Yb@Nd LaF 3 NPs for thermally controlled subcutaneous PTTs.
In summary, we have demonstrated how core/shell nano-engineering allows for the development of all rare earth based nanostructures capable of simultaneous heating and thermal feedback. This possibility has been demonstrated in a Neodymium and Ytterbium doped core/ shell LaF 3 nanoparticle. While the core of the nanoparticle was doped with Yb 3þ ions, the surrounded shell was heavily doped with Nd 3þ ions so that it behaves as a heating unit. It was evidenced that the ratio between the Yb 3þ and Nd 3þ infrared emissions in our core/shell structure provides a full optical method for remote thermal reading. It has been experimentally demonstrated how, when the core/shell structure was optically excited with a single 808 nm infrared beam, the heating and sensing capabilities of these multifunctional nanoparticles are simultaneously activated. The application of our rare earth doped core/shell LaF 3 nanoparticles for the achievement of fully controlled photothermal processes under single infrared beam excitation in tissue environments has been demonstrated. Thus, the results here reported open up an avenue toward the development of PTTs with enhanced efficiency and reduced risk based on the use of rare earth doped core/shell structures. This work was supported by the Spanish Ministerio de Econom ıa y Competitividad (MAT2013-47395-C4-1-R 
